Carbon nanotubes have been produced from a low density polyethylene (LDPE) feedstock via a two stage pyrolysis process. The temperature of the second stage, where carbon deposition on an iron alumina catalyst occurs (growth temperature), was varied using catalyst temperatures of 700, 800 and 900 C. An increase in catalyst temperature led to a higher yield of both carbon nanotubes and hydrogen, as the rate of carbon deposition increased.
Introduction
Carbon nanotubes (CNTs) are high value materials which have generated a great deal of research interest in recent years as they have potential uses in a wide range of applications [1] [2] [3] [4] [5] [6] [7] [8] . This stems from their remarkable properties including high strength, a large surface area and good electrical conductivity [9] . Whilst they were first produced by Ijima et al by an arc discharge process [10] , large scale production favours chemical vapour deposition of hydrocarbon gases such as methane and acetylene. In more recent years a method of producing carbon nanotubes from the pyrolysis of plastics has been demonstrated [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
This has the benefit of producing valuable products from a waste resource, whilst simultaneously tackling the waste management issues associated with waste plastics, which are often difficult to recycle.
Production of carbon nanotubes from the pyrolysis of plastics works in a similar manner to chemical vapour deposition, with the pyrolysis gases depositing onto the surface of a catalyst.
Whilst nickel catalysts are often utilised in thermal treatment for the production of liquids and gases [22] [23] [24] [25] [26] [27] [28] , iron catalysts are more often used for carbon nanotube production [29] [30] [31] [32] [33] [34] [35] . This is because when directly compared with nickel catalysts, iron has been found to produce a larger yield of CNTs [29, 31, 33, 35] .
Production of carbon nanotubes from virgin plastics was demonstrated by Kukovitsky et al [16] , where polyethylene was pyrolysed with a nickel plate catalyst at 450 °C. Crooked carbon nanotubes were produced along with other filamentous carbons. Subsequent studies by Kukovitsky and other research groups [11-13, 15-19, 21 ] obtained large yields of CNTs through pyrolysis of virgin plastics using higher reaction temperatures of up to 900 C.
Pyrolysis of real world waste plastics have also been used to generate carbon nanotubes, with studies making use of waste polypropylene and polyethylene [20, 36, 37] .
If a two stage pyrolysis process is employed, a large yield of carbon nanotubes and hydrogen gas can be produced simultaneously [11, 19, 37] . Hydrogen gas is an important alternative fuel that could play a key role in future energy needs. It is considered a green alternative to fossil fuels since its combustion gives off no carbon dioxide. Its production from thermal treatment of plastics is well established, with steam gasification proving a fruitful means of achieving large hydrogen yields [23, 28, [38] [39] [40] [41] [42] . However in previous research by this research group it was found that whilst giving larger yields of hydrogen, adding steam to the thermal treatment of LDPE leads to a reduction in CNT yields [11] . The research used a two stage process where evolved pyrolysis gases are passed directly onto the second stage, producing large amounts of carbon nanotubes and hydrogen gas [11, 37] . Liu et al [19] also used a two stage pyrolysis process where plastics are pyrolysed in a first stage and the gases separated and passed to a second stage where carbon nanotubes and hydrogen gas were produced using a nickel catalyst.
In order to optimise production of carbon nanotubes and hydrogen, different parameters can be varied. The temperature used for the growth of carbon nanotubes is a crucial factor in chemical vapour deposition, and has an effect on the growth rate [43] [44] [45] [46] . Lee et al [46] used a series of growth temperatures between 750 and 950 C with an iron catalyst and found that the growth rate of carbon nanotubes increased with growth temperature. Whilst there are differing views on the effect of temperature, Lee et al proposed that increased growth rate occurred as a result of faster carbon diffusion through the catalyst particles. This is an important step in the growth of carbon nanotubes, and is considered by some to be the rate determining step [47] . Similar results were also obtained when plastic was used as the feedstock. Liu et al [19] found that increasing the decomposition temperature between 500 C and 700 C increased the yield of carbon nanotubes obtained, with a small dip in production tha that observed at 800 C. In terms of hydrogen production, a number of studies have found that raising the reaction temperature tends to result in an increase in the hydrogen yield obtained, as more hydrocarbons decompose [19, 38, 48, 49] . When hydrogen and carbon nanotubes are produced simultaneously, increasing the temperature sees an increase in the yields of both, since hydrogen is produced during carbon deposition [19, 50] .
Another key factor in the production of carbon nanotubes is the amount of feedstock relative to the amount of catalyst used. A number of studies have shown that during thermal treatment of hydrocarbons, the catalytic activity of a catalyst reduces with decreasing catalyst weight [51] [52] [53] . In terms of carbon nanotube production, Das et al [44] varied the amount of iron catalyst compared to various liquid hydrocarbon feedstocks, and found that with a lower catalyst:feedstock ratio less CNTs were produced. This work has considered the effect of growth (catalyst) temperature and the amount of feedstock used on the production of carbon nanotubes and hydrogen from a low density polyethylene feedstock using an iron catalyst. In addition, the amount of feedstock used was varied in relation to the mass of catalyst, which was kept constant, so that the effect of changing the ratio of feedstock:catalyst could be investigated.
Materials and methods
Low density polyethylene (LDPE) was obtained from ACROS Organics UK. An iron catalyst was prepared by impregnation onto an alumina support, with an iron loading of 10 wt.%.
Fe(NO 3 ) 3 ·9H 2 O, and gamma Al2O3 were used as the raw materials. Iron nitrate was dissolved in ethanol, following which the alumina was added and the mixture left until it formed a slurry. This was then dried overnight in an oven at 50 C to remove the remaining ethanol before calcination to a temperature of 750 C at a heating rate of 2 C min -1 in an air atmosphere with a hold time of 3h. The catalysts were then crushed and sieved to give granules of between 0.065 and 0.212 mm.
The experimental system consisted of a two-stage pyrolysis reactor as shown in Fig. 1 . The reactor was made of stainless steel and had a total length of 320 mm and an internal diameter of 22 mm. Two sets of experiments were carried out, the first investigating the growth temperature and the second investigating the feedstock:catalyst ratio.
For the investigation of temperature 1 g of the LDPE was placed inside a sample boat and pyrolysed in the first reactor, where the temperature was heated to 600 C. The generated gaseous products were then passed through to the second reactor and passed over 0.5 g of catalyst allowing carbon deposition to occur on the catalyst surface. The temperature of this second reactor where the catalyst was pre-heated and held at 700, 800 or 900 C. Nitrogen was used as the carrier gas with a flow rate of 80 ml min -1 . The procedure was to heat the second gasification reactor to the desired temperature, then heat the first reactor to 600 C at a heating rate of 50 C min -1 for a total reaction time of 30 min.
For the investigation of the sample to catalyst ratio the same procedure was carried out, except in this case the temperature of the second reactor was 800 C for all experiments, whilst the variable in this case was the amount of LDPE sample used. This was varied between, 0.5, 0.75, 1.0 and 1.25g, with the amount of iron catalyst held constant at a value of 0.5g.
The volatile products after the gasification process were passed through two dry-ice cooled condensers, where any condensed products were collected. The non-condensed gases were collected in a 25 L Tedlar TM gas sample bag. The reproducibility of the reaction system was tested and experiments were repeated to ensure the reliability of research results.
The gases collected in the gas sample bag were analysed by packed column gas chromatography (GC). Hydrocarbons (C1-C4) were analysed using a Varian 3380 gas chromatograph with a flame ionisation detector, with an 80-100 mesh Hysep column and nitrogen carrier gas. Permanent gases (H2, CO, O2, N2 and CO2) were analysed with a separate
Varian 3380 GC/TCD, thermal conductivity detector, with two packed columns. A 2 m long and 2 mm diameter column packed with 60-80 mesh molecular sieve was used to analyse hydrogen, nitrogen, carbon monoxide and oxygen. Carbon dioxide was analysed on a 2 m long and 2 mm diameter column with Haysep 60-80 mesh molecular sieve. The carrier gas was argon.
Carbon deposition on the catalyst was analysed by a range of techniques. High resolution scanning and transmission electron microscopy was undertaken using a SEM, LEO 1530 and TEM, FEI Tecnai TF20, to characterise the nature of the carbon that was deposited on the surface of the catalysts during the experimental procedure. The reacted catalysts were analysed by temperature programmed oxidation to investigate the types and relative amounts of carbon deposits on their surfaces. Around 20 mg of the reacted catalyst was heated in a thermogravimetric analyser in an atmosphere of air at a heating rate of 15 °C min 1up to a temperature of 800 °C and with a hold time of 10 min. Raman spectroscopy was undertaken on the carbon deposits on the catalyst surface to determine their graphitic quality. Results were obtained using a Renishaw Invia Raman spectrometer at a wavelength of 514 nm at Raman shifts between 100 and 3200 cm 1.
Results and discussion and gases produced, where the solids account for the carbon deposition on the catalyst surface. All mass balances obtained were above 89 wt.%. As the reaction temperature was raised, the amount of solids produced rises, showing that more carbon deposition occurs. This is consistent with a number of studies, which see an increase in carbon deposition at higher temperatures [43] [44] [45] [46] . The yield of gases initially increases with temperature as the larger hydrocarbons are broken down into gases, consistent with the reduction in liquids observed.
At 900 °C however a reduction in the yield of gases occurs. At this temperature more of the gases are converted into solid carbons on the surface of the catalyst, via equation 1, accounting for the increase in solids seen at this temperature.
Equation 1:
In terms of the gas composition it can be seen from Figure 2 (b) that with increasing temperature the amount of hydrogen increases. This is also shown in Figure 2 (c) which
shows the amount of hydrogen produced as a percentage of the maximum theoretical yield obtainable. The maximum theoretical yield was calculated based on the total amount of hydrogen in the plastic as obtained from elemental analysis. As the amount of solid carbons produced increases, the amount of hydrogen produced also increases, since both are produced during the decomposition of hydrocarbons via equation 1. This is consistent with other studies investigating the production of hydrogen and carbon nanotubes [19, 50] . Figure 2(b) shows that the composition of C 2 -C 4 hydrocarbons reduce as the temperature is raised as they are either broken down to form methane, or deposited on the catalyst to form solid carbons.
Carbon nanotube production
Scanning and transmission electron microscopy were undertaken on the carbon deposition on the catalyst surface, with the images obtained shown in Figures 3(a-f) . The SEM image of the catalyst obtained at 700 °C catalyst (growth) temperature, Figure 3 Raman spectroscopy is often used to characterise CNTs [13, [54] [55] [56] [57] , and was also undertaken in this study to characterise the carbon deposits produced, with the resultant Raman spectra for 700, 800 and 900 °C shown in Figure 4 . Peaks are seen at 1589 and 1348 cm 1 wavelength for each of the samples. The peak at 1589 cm −1 corresponds to the G peak associated with graphitic carbon within the sample, the peak at 1348 cm 1 corresponds with the D peak and is associated with defects within the graphitic lattice; while the G' peak at the Raman shift around wavelength 2709 cm -1 indicates the two photon elastic scattering process, indicating the purity of CNTs. The ratio between the size of the G peak and D peak is a useful way of comparing the quality of the carbon nanotubes obtained in terms of how ordered and graphitic they are [14, 50, 58, 59 ]. This will enable the purity of the deposits in terms of the carbon nanotubes produced to be evaluated, with a larger G/D ratio indicating a higher purity.
The Raman spectra shown in Figure 4 show that the G/D ratio is significantly lower for a catalyst temperature of 700 C, with a value of 1.66, than for the catalyst temperatures of 800 and 900 C with values of 1.97 and 1.93 respectively. This indicates that the carbon deposition at this lower temperature has a lower purity in terms of carbon nanotubes, as seen by electron microscopy. In addition, the CNTs produced at 700 °C also show the lowest intensity ratio of G'/G, compared to the CNTs produced at other temperatures; this further supports that CNTs produced at such low temperature (700 ˚C) have the lowest purity.
Mishra et al [20] likewise obtained a higher G/D ratio for carbon deposits obtained from higher reaction temperatures, indicating a higher quality of carbon nanotubes. A slight reduction in the G/D ratio is seen at 900 C, and is most likely due to the fact that despite there being more carbon deposition, the quality of the filamentous carbon is lower, with less ordered carbon walls, as observed from TEM.
In order to better determine the amount of carbon deposition and the relative amounts of carbon types on the catalyst surface, temperature programmed oxidation (TPO) was carried out on the used catalyst samples. The derivative TPO plots in Fig. 5(a) show two distinct peaks, one between 350 C and 450 C, and another between 500 C and 700 C. Amorphous carbons are reported to show a peak at lower temperatures than filamentous carbons, due to their more reactive nature [60] . As such, the lower temperature TPO peak is associated with the oxidation of amorphous carbons whilst the high temperature TPO peak is associated with the oxidation of filamentous carbons such as carbon nanotubes.
Using the derivative TPO plot the total amount of each carbon type was calculated and displayed in Figure 5 (b). As the temperature is raised, the amount of filamentous carbons produced increases, with 213 mg produced at 900 °C compared with 20mg and 179mg at 700C and 800 °C respectively. The percentage of plastic converted into CNTs was calculated based on the weight of carbon nanotubes produced as a percentage of the weight of LDPE used. These results show that more of the plastic is converted into carbon nanotubes as the temperature is increased, as can also be seen in Figure 5 (b). This is in accordance with other studies [43] [44] [45] [46] , and is likely to be due to the increase in the diffusion rate of carbon through the catalyst particle, an important step in the formation of carbon nanotubes. The amount of amorphous carbon produced at a catalyst temperature of 700 C is also significantly more than that produced at the other temperatures, with a further reduction also seen between catalyst temperatures of 800 C and 900 C. This shows that an increase in temperature also favours the production of CNTs over amorphous carbons.
Whilst more carbon deposition was produced at 900 C, the TEM images and Raman spectroscopy showed that the quality of the carbon nanotubes in terms of the crystallinity and order of the walls produced at the catalyst temperature of 800C was higher. CNTs produced at 800 C showed similar dimensions to those produced from more standard methods such as chemical vapour deposition, with comparable Raman spectra results in terms of G:D ratio also obtained [50, 61, 62] . This opens up the possibility of using the CNTs obtained in commercial applications. Multiwalled CNTs find current uses in a range of applications ranging from high strength composites, coatings, water treatment and energy technologies [63] [64] [65] [66] [67] [68] [69] [70] . In order to be used in these applications however, a purification process would need to be undertaken on the CNTs to separate the carbons from the catalyst and to remove amorphous carbons and other contaminants.
1.2 Effect of feedstock:catalyst ratio 1.2.1 Mass balance and hydrogen production Figure 6 shows the results for the mass balance and gas composition for experiments where the feedstock:catalyst ratio was varied, by changing the amount of LDPE used. From Figure   6 (a) it can be seen that as the amount of plastic used is increased, the percentage converted into solids reduces, whilst the percentage of gases and liquids increases. This is because when more of the feedstock is used, the catalyst starts to get overloaded. The result is that not all the pyrolysis gases can gain access to the catalyst surface to react and deposit as carbon, yielding fewer solids. This also leads to a larger amount of longer hydrocarbons since they are left unreacted. This is mirrored in the gas composition shown in Figure 6 (b), as the amount of C 2 -C 4 hydrocarbons rises as the amount of LDPE used increases, since it was unable to react with the overloaded catalyst. This is consistent with other studies based on hydrocarbon gasification which show that the catalytic activity of a catalyst reduces with decreasing catalyst weight [51] [52] [53] .
The percentage of hydrogen produced in the gases also reduces with more feedstock used, since a smaller proportion of the feedstock is converted into hydrogen and carbon via equation 1 as a result of reduced catalytic activity. This is also shown in Figure 6 (c) where a reduction observed in the percentage of hydrogen in the plastic converted into hydrogen gas.
Other studies on hydrogen production from hydrocarbon sources have also found similar results, with hydrogen production reducing as the amount of catalyst relative to the feedstock is lowered [51] [52] [53] 71 ].
The carbon deposits produced from different amounts of plastic were analysed by SEM and TEM (not shown here), but showed little variation in the images obtained.
TPO of the carbon on the used catalyst was undertaken to determine the amount of different types of carbon deposition. This is expected as there is a larger source of carbon when more LDPE is used. Das et al [44] found similar results when producing carbon nanotubes from liquid hydrocarbons. A higher yield of wt CNT/wt catalyst, was obtained at low catalyst:carbon ratios, when more feedstock is used relative to the amount of catalyst. The increase in CNT yield is shown up to 1.25g of LDPE, where a slight reduction (164mg) in the amount of CNTs is observed. At the amount of 1.25 g LDPE a larger amount of amorphous carbons were produced. Unlike filamentous carbons such as carbon nanotubes, amorphous carbons are known to deactivate the catalyst by encapsulating catalyst particles [72] , preventing the production of CNTs and hydrogen.
Though more CNTs are produced with higher usage of LDPE, the percentage conversion of the plastic into carbon nanotubes, shown in Figure 7 (b), reduces. When 0.5 g of LDPE is used 29.1 wt.% of the plastic is converted into carbon nanotubes, but when 1.25g of sample is used, only 13.1 wt.% of the plastic is converted. This is in accordance with the mass balance results, as access to the catalyst becomes lower as the catalyst becomes overloaded and pyrolysis gases are unreacted, producing a lower catalyst activity. When the feedstock:catalyst ratio is low, i.e. a small amount of plastic is used, the conversion of the plastics is high, however the amount of CNTs compared to the amount of catalyst used is low. The opposite is found at higher feedstock:catalyst ratios, with lower plastic to CNT conversions, but a larger amount of CNT production compared to the amount of catalyst. This sets up an interesting economic playoff between achieving high plastic conversions and the amount of catalyst used per gram of CNTs produced. In order for the process to become economic however, the current batch method would need to be modified to a continuous process. This could be achieved by using similar conditions and materials in a two stage process using a screw kiln for the first stage and where the second stage is replaced by a moving bed or screw kiln reactor where the catalyst could be collected after use followed by separation and purification of the product CNTs.
Conclusions
A two-stage pyrolysis-catalytic reactor has been used to produce hydrogen and carbon nanotubes from waste plastic (low density polyethylene). Carbon nanotubes are formed through decomposition of hydrocarbons derived from the pyrolysis of the plastic on a catalyst surface, producing solid carbons as well as hydrogen gas. Carbon deposition increased with catalyst reaction temperature, with a larger amount of CNTs produced at higher temperatures.
This was because the growth rate of CNTs increases with reaction temperature as a result of faster carbon diffusion through the catalyst particle. This is thought to be the rate determining step in CNT formation, and so its increase leads to a larger CNT yield. Hydrogen production increases with the increase in CNTs production, since the two are both produced simultaneously by the decomposition of hydrocarbons. The highest quality CNTs were produced at 800 C, with 700 C producing more amorphous carbons and 900 C producing less uniform CNTs.
Increasing the amount of LPDE used increased the CNTs yield up to a certain level. At 1.25g
LDPE loading, the yield of CNTs reduces due to the production of amorphous carbons.
Whilst more carbon nanotubes were produced at higher LDPE loading, the percent conversion from plastics to CNTs reduced since the catalyst became overloaded and a large amount of pyrolysis gases were left unable to deposit on the catalyst surface. This gives an economic playoff between large conversion of plastics into CNTs and large yields of CNTs per gram of catalyst used. Raman spectra of carbon deposits obtained from catalyst temperatures of (a) 700 °C, (b) 800 °C and (c) 900 °C. Effect of sample:catalyst ratio on (a) mass balance, (b) gas composition and (c) hydrogen conversion from the two stage pyrolysis-catalysis of LDPE Figure 7 Temperature programmed oxidation thermograms showing effect of temperature; (a) derivative plot and (b) amount of carbon deposition and conversion of plastic to CNTs
